and treat such diseases in LMICs requires careful justifi cation. However, LMICs are economically the least able to cope with the lifelong burden caused by childhood genetic diseases, especially if those diseases are undiagnosed or if treatment is experimental or expensive.
The design of screening programs is made complicated by the wide variation in the prevalence of individual Mendelian diseases in different regions, reflecting the rich tapestry of population substructure woven over thousands of years, overlaid with various intraspecific evolutionary pressures. For example, glucose6phos phate dehydrogenase (G6PD) deficiency and sickle cell disease (also known as hemoglobin S) alleles are under intense positive selection in malarial regions. Thus, 15 million Africans are affected by sickle cell anemia and the birth incidence in Nigeria and Sierra Leone is around 2% [5] . Likewise, thalassemias affect up to 1% of births across large parts of southern Europe and Asia [6] . In contrast, cystic fibrosis is prevalent in countries with populations largely of north European ancestry (Table 1) . A practical consequence of the marked heterogeneity in allele frequency is that testing priorities vary widely by region and ethnic group. The disease targets of community genetics programs will differ correspondingly. In addition to wide regional differences, the frequencies of individual risk alleles can differ markedly between geographically contiguous but reproductively isolated groups. A dramatic example is G6PD deficiency in Tanzania, where prevalence in lowland and highland populations (11.3% and 4.4%, respectively) mirrors that of malaria [7] . Thus, genetic testing priorities should include pretest probabilities in subpopulations rather than geographic averages, an onerous requirement for genetics programs in LMICs. However, demographic transition is occurring in many LMICs, increasing the importance of genetic disease. This article will discuss how inexpensive multiplexed nextgeneration sequencing (NGS)based testing could be employed for carrier screening, newborn screening and diagnostic testing in LMICs. Accompanied by appropriate genetic counseling and community educa tion, this approach could reduce the number of affected individuals burdened by common genetic diseases such as hemoglobinopathies. We suggest a model for a pilot program and discuss potential obstacles.
Next-generation approaches for community genetic testing
There are three types of programs in which new genetic screening technologies could be used in LMICs: carrier testing, newborn screening and diagnostic testing. In this section, we will discuss the challenges and potential impact of nextgeneration approaches for each of these programs.
Carrier testing
The WHO recommends carrier testing for common autosomal recessive diseases such as hemoglobinopathies [1] . Unlike newborn screening, which may benefit affected individuals by allowing early, ongoing treatment, the goal of carrier testing programs is to inform people of their risk for genetic disease in order to help them make decisions about marriage and reproduction. Critically, carrier testing is not limited to diseases for which effec tive treatments are available and has minimal ongoing economic cost. Thus, it is wellsuited for community deployment in LMICs, where individuals are identified by screening, ideally before marriage or pregnancy. The incidence of specific recessive diseases can be reduced in future generations via broad community adoption of preconception screening, health education and genetic counseling.
Ethically sound genetic testing must meet several core principles in order to do more good than harm. Individual autonomy must be respected; individuals should be given adequate information to make decisions for themselves about whether or not to undergo testing. There must be high standards of confidentiality and protection against discrimination. These can be highly complex and controversial. In some cultures, individual autonomy is not an important value. Instead, a tribal chief or village headman makes decisions for the commu nity. Also, many countries do not have systems to protect against discrimination. Programs of carrier screening have also led to discrimination against carriers of auto somal recessive conditions. Carriers of thalassemia identi fied through screening programs in West Bengal, India, were subsequently deemed unfit for marriage, and Cystic fibrosis AR 219700 1:2,500, Ireland [46] Phenylketonuria AR 261600 1:2,600, Turkey [47] Sickle cell disease AR 603903 1:5, Baamba, Uganda [48] Spinal muscular atrophy AR 253300 1:5,600, Slovakia [49] Duchenne muscular X-linked 310200 1:3,500, USA [50] dystrophy Fragile X syndrome X-linked 300624 1:3,300 (full mutation, male and female), USA [51] G6PD deficiency X-linked 305900 1:8, Basra, Iraq [52] Hemophilia A X-linked 306700 1:5,000, worldwide [53] Tay-Sachs disease X-linked 272800 1:3,000 (previously, Ashkenazi Jews) [13] this had significant ramifications for women [ The effectiveness and ethical acceptability of community based carrier screening varies according to screening strategy, the ethos in the community, and the willingness of individuals and couples to alter their reproductive decisions. Perhaps the bestknown example of effective population carrier screening is that of TaySachs disease in the Ashkenazi Jewish population in the USA. This program resulted in a reduction of more than 90% in incidence of disease [12, 13] . This voluntary screening program relies on the identification of carriers by reduced hexosaminidase A activity in leukocytes or direct muta tion testing, prenatal testing for pregnancies at risk, and termination of affected pregnancies [12, 13] . For some religious groups, such as Orthodox Jews, another option was added. In this community, arranged marriages are common. This allowed a program known as Chevra Dor Yeshorim to be established that provided anonymous premarital testing with the information given to the rabbi. The rabbi could then alter the selection of a marriage partner utilizing this information. [14] . Since most couples in this population marry by the age of 20, screening is primarily carried out in high school. Between 1982 and 2006, over 200,000 individuals were tested for TaySachs carrier status, averting over 800 arranged marriages between carriers [15] . The vast majority of 'incompatible' couples elected not to marry following intensive counseling [14] . This model may also be feasible for some LMICs, particularly those where arranged marriage is common.
Premarital screening for thalassemia and sickle cell disease followed by genetic counseling has been imple mented in Bahrain, Iran, Cyprus, Saudi Arabia and Jordan [16, 17] . Although many Saudi couples opt to go through with the marriage despite receiving an 'incom patibility certificate' , voluntary cancellation of marriage proposals among atrisk couples increased more than fivefold between 2004 and 2009 [18] . One survey found that the top factor that influenced the decision not to marry was having knowledge of a family history of the disease, while reasons couples cited for proceeding with marriage were that wedding plans could not be canceled and fear of social stigma [9] .
Strategies such as those used in Bahrain, Saudi Arabia and Jordan, as well as those used in Chevra Dor Yeshorim, along with extensive counseling, might be utilized in the development of targeted carrier testing programs for LMICs. While comprehensive carrier testing for all recessive diseases is impractical, the aforementioned population screening programs provide a model for successful targeted testing. Thus, a suggested model for nextgeneration carrier testing in LMICs is premarital, on a populationbypopulation basis, tailored to recessive diseases with an incidence greater than, for example, 1:10,000.
While carrier screening programs in LMICs could target diseases common to specific countries or popu la tions, a confounding factor for some areas is consan guinity, which increases the risk for offspring with common genetic diseases as well as rare recessive dis orders that would not likely be screened. Though taboo in much of the western world, consanguineous marriage (usually considered to be between second cousins or closer) is traditional and respected in most communities of North Africa, the Middle East and western Asia, with intrafamilial unions accounting for 20% to 50% or more of marriages in some populations [19] . The prevalence of congenital anomalies in the offspring of first cousin marriages is estimated to be 1.7% to 2.8% higher than the average background risk of 4% [20] , and this is attributed mostly to autosomal recessive diseases [19] . Assuming an increased risk of 2% above the background risk, 8% of first cousin consanguineous couples would have a risk of 25% or more of having a child with an autosomal reces sive disorder. The remaining 92% of first cousin consan guineous marriages would not have an increased risk over that of the general population [19] . The prevalence of consanguinity varies widely according to geography, ethnicity, religion and culture; thus, the potential benefit of community carrier screening programs varies widely among tribes, regions and countries. In areas where consanguinity is common and the prevalence of autosomal recessive diseases is higher, carrier testing programs are likely to be more costeffective.
In industrialized countries, such as the USA, where populationbased carrier screening for individual disorders is widely accepted, the development of carrier screening utilizing NGS has focused on the capacity of the test to screen for recessive conditions [21] . In this regard, the tests will screen for more than 400 recessive conditions that affect multiple ethnicities and popu la tions. To date, the implementation of this testing has been limited by cost and analysis time. However, this type of NGS carrier screening is currently not appropriate for LMICs for multiple reasons, including a lack of infrastructure to disseminate the test results and the relative rarity of the conditions that are included.
Newborn screening
Newborn screening is indicated for the subset of testable diseases that benefit from early treatment, such as phenylketonurea, galactosemia and cystic fibrosis [22] . In the USA, approximately 4 million neonates are screened annually for at least 29 largely inherited diseases using dried blood spots on Guthrie cards [23] . As a result, around 12,500 diagnoses are made, at a test cost of approxi mately $1 per disease per newborn [24] . This is considered costeffective, but the effectiveness of new born screening programs depends upon the availability of followup and treatment [22, 24] . The cost and cost effectiveness of screening, diagnosis and treatment will be variable in LMICs. For example, newborn screening for congenital hypothyroidism, which is detected in 1:2,000 US tests and can be inexpensively treated with oral thyroxine, is a practical target for many LMICs. Indeed, newborn screening for congenital hypo thyroid ism is already utilized in some Middle East countries [25, 26] . In contrast, screening for lysosomal storage disorders, which are treated with prohibitively expensive recombinant enzyme replacement therapies, would be impractical in LMICs. Diseases such as congenital adrenal hyperplasia, which is treated with gluco corti coids, might be somewhere between hypothyroidism and lysosomal storage diseases in terms of costeffectiveness for use in LMICs.
Most newborn screening programs do not use NGS. At this time, conventional tests for several diseases are currently less expensive and/or more practicable than NGS. Immunoassays for hypothyroidism, for example, identify both genetic and environmental causes. Mass spectrometry allows simultaneous testing for many bio chemical disorders, such as phenylketonuria and galacto semia. Hemoglobin electrophoresis identifies a wide variety of hemoglobinopathies. Nevertheless, NGS uniquely offers a homogeneous format for the large majority of Mendelian diseases and costs that are decreas ing by approximately tenfold per year [27] . It is possible that, in the future, advances in testing technology will lower the cost of NGS to the point where its use becomes more costeffective than currently available testing methodologies.
Diagnostic testing
Molecular diagnostic testing is currently prohibitively expen sive for many patients, even in highincome countries. Many diseases exhibit locus and/or clinical hetero geneity, engendering lengthy and costly differential diagnostic odysseys. Thus, many patients who have symp toms suggestive of a genetic disease may never receive a molecular diagnosis, even after undergoing genetic testing worth thousands of dollars. Part of the problem is that current testing strategies dictate testing for specific diseases, and each test is costly and time consuming. Such testing can take months or years, delaying timely intervention or counseling; a second affected child may be born before the first is diagnosed with the disorder. NGS is beginning to change this, with several commercial laboratories currently offering large panels of NGSbased clinical tests, and more comprehensive and costeffective testing is on the horizon [21] .
Implementing next-generation genetic testing in LMICs
Currently, the infrastructure to translate molecular under standing of disease inheritance into medically action able information for individuals and families is remarkably uneven. While clinical tests are available for 2,210 diseases, they are performed by 603 laboratories registered on the GeneTests website, only 256 of which are outside the USA [28]. Of the international labora tories registered, none are located in lowincome countries, and only 20 are in middleincome countries [28] . It should be noted that, in part, this may reflect uneven registration of laboratories. NGS and bioinfor matic approaches have the potential to transform this situation by enabling DNA sequence analysis of unprece dented scale and economy [21, 29] , with a current ability to generate 600 billion nucleotides per instrument run. This technical capacity translates to an ability to test approximately 200 individuals for up to 600 Mendelian diseases [21, 30] . For community genetics programs in LMICs, we suggest that this sequencing capacity could be reconfigured to allow testing of approximately 1,500 individuals for up to 10 diseases. Such multiplexing of samples and tests is feasible with NGS and molecular barcoding, enabling the simultaneous sequencing of multiple combined samples to provide maximum cost effectiveness [2] . We estimate that today such testing, if performed to clinical grade in a low or middleincome country with selfsustaining economics, could currently cost approximately $23 per individual (Box 1). Since the cost of NGS is decreasing approximately 10fold every 18 months, populationspecific test panels could cost as little as $10 for 10 Mendelian disorders in the near future. While currently still out of reach for population testing in LMICs, it should be noted that genome sequencing costs are likely to continue to decrease for the foreseeable future [2, 29, 30] . Thus, an additional 30fold decrease in cost is highly likely within several years [27] . Dried blood spots offer an attractive solution for sample acquisition in LMICs, given the cost, ease of collection and shipping, providing a means to regionalize testing in centers similar to current reference laboratories. Storage and access mechanisms for electronic results would also be required in order to implement NGS effectively; this contrasts with current, predominantly paper records in LMICs. This could be part of a broad effort to implement electronic medical records, which can help to facilitate improved care, efficiency and costeffectiveness. Alterna tively, these approaches could be limited to regionalized data generation centers, with existing infrastructure for reporting of results.
One objection that is often raised to such testing is that LMICs cannot afford it. However, there is a policy paradox embedded in this assumption. It does not con sider the cost to the countries of the diseases themselves, only the cost of testing. Conceptually, the countries that would benefit the most from NGS testing are those with the lowest income, little or no currently available screening, and the highest rates of consanguinity, fertility and infant mortality. In those countries, genetic disease is common and expensive, and testing would likely be the most costeffective precisely because the prevalence of disease is high.
One general region of interest would be Middle East countries, many of which meet all of those specifications, in addition to having much higher rates of birth defects than Europe, North America and Australia (69.9/1,000 compared with 52.1/1,000 live births) [3] . In addition, a realistic model for piloting implementation of NGS test ing would require a level of genetics literacy and resources not yet available for the lowest income countries.
Imagine, for example, a test that costs approximately $23 and that can detect the 10 most prevalent Mendelian disorders. Imagine, further, that such a test might be offered in a middleincome country such as Lebanon, which currently has a premarital screening program for thalassemia along with existing infrastructure and sufficient resources to carry out posttesting followup and counseling [31] . In Lebanon, premarital screening for thalassemia is well accepted. The program there has decreased the number of new cases of thalassemia by about 75% since 1994, with three new cases identified in 2006. Prenatal diagnosis is also performed when both parents are known to be carriers of the disease. An average of 13 amniocentesis tests have been performed per year since 2000 and have resulted in the identification of around 50% carriers, 25% patients with thalassemia, and 25% diseasefree neonates [32] . With a population of 4 million and a birth rate of 70,000, the expanded premarital screening of 10 diseases could be quite cost effective in the population. Furthermore, in Lebanon, both arranged marriages and consanguineous marriages are common. It is estimated that 30% of Muslims and 17% of Christians enter into consanguineous relation ships [33] . This leads to a high prevalence and high burden of disease in Lebanon, with carrier rates of 2% to 4% for alphathalassemia, 2% to 4% for betathalassemia [34] , and 0.3% to 30% for sickle cell anemia in Arab countries [32] . It is likely that other autosomal recessive conditions also occur at higher rates than in other countries. Therefore, one could consider adding spinal muscular atrophy (general population carrier frequency of 1 in 25 to 1 in 50 in some Arab countries [33] ) and cystic fibrosis (general population carrier frequency of 1 in 25 to 1 in 60 in some Arab countries [33, 35] ) to the current screening panel ( Table 2 ). The collective cost of treating these five disorders is substantial. For example, mean total medical costs for patients with sickle cell anemia and thalassemia were $59,233 per year in the USA [36] and $7,000 per year in Israel [37] . In the USA, the average total cost of Mendelian disorders has been estimated to be the equivalent of approximately $360 per birth [38] . Other factors in addition to health economic consequences should also be considered in justification of screening programs. These include the Wilson and Jungner criteria [39] (Box 2) and factors identified in the 2011 report by the UK Human Genetics Commission [40] .
It is very difficult to provide a prospective estimation of the costeffectiveness of reducing the incidence of approximately 10 relatively common inherited childhood diseases by around 90%, as predicted by success in other premarital screening programs. The remaining five potential targets are likely to vary by population group (Tables 1 and 2 ). As noted above, while the current costs of testing can be determined precisely, the full cost of a national community genetics infrastructure cannot. Further more, costeffectiveness of the addition of a test panel is largely driven by existing community genetics infrastructure commitments and local cost of treatment of affected individuals. Nevertheless, $23 per test is certainly within the realm for implementation of a pilot program of nextgeneration community genetics in a country such as Lebanon. Successful implementation would serve as a template for other LMICs as sequencing costs become more affordable and as costeffectiveness data become available.
Conclusions and future directions
Newborn screening for preventable childhood disorders and population screening for carrier detection for common recessive diseases, when combined with genetic counseling and medical treatments, have been shown to be costeffective and beneficial to patients and families in many countries. Given this experience, the WHO recently recommended extension of such strategies in LMICs. Hitherto, the principal obstacles to such testing of populations in LMICs have been test cost and inadequate community genetics and medical infrastruc ture to administer tests, interpret results and provide appropriate counseling and medical treatments. NGS and bioinformatics have made possible highly multi plexed molecular genetic testing, in terms of both diseases tested and sample batching. In the USA, this is allowing a dramatic broadening of genetic test menus and decreasing costs of testing. In LMICs, these technologies are poised to remove the test cost barrier to implementation of community genetics testing. However, the scope, content and intent of such testing requires careful consideration.
Disease allele frequencies vary widely among and within LMICs, as do ethical, legal, social and economic realities. Principal challenges to community genetics in LMICs are educating the population, creating an infra structure of genetics professionals capable of offering appropriate counseling and followup, and appropriate consideration of core ethical principles in a world where there is not universal agreement about human rights.
Finally, it should be noted that the proportion of common disease burden attributed to Mendelian inheritance is being reassessed in light of the common diseaserare variant hypothesis [41, 42] , which states that a proportion of common disease burden is attributable to uncommon, highly penetrant, recessive mutations. There is evidence for this hypothesis in autism, schizophrenia, bipolar disorder, Alzheimer's disease and earlyonset intellectual disability (reviewed in [43] ). Around 10% of childhood intellectual disability, the incidence of which exceeds 2% worldwide, is inherited in an Xlinked recessive manner, with over 100 causal genes (reviewed in [43] ). Recently, over 50 additional autosomal recessive loci have been implicated in intellectual disability [44] . Thus, the proportion of common diseases attributable to single genes is likely to continue to increase. The relevance for LMICs is that the potential scope of community genetics testing is likely to increase as subsets There should be an agreed policy on whom to treat as patients 9.
The cost of case-finding (including diagnosis and treatment of patients diagnosed) should be economically balanced in relation to possible expenditure on medical care as a whole of common, 'complex' disorders are also shown to be Mendelian. In summary, the WHO recommendations that genetic screening programs be developed in LMICs are often dismissed as unrealistic from the perspective of cost effectiveness and resource allocation. However, a closer look at the rapidly falling costs of genetic testing, the high prevalence of genetic disease in many countries, the cost savings that could be achieved by effective screening programs, and the acceptability of such programs in many countries, leads us to conclude that such programs are feasible, ethically defensible and potentially cost effective. It may be time to rethink our approach to rare genetic diseases throughout the world [4] . NGS provides the tools that might make such community genetics programs more possible in LMICs.
